Chemical compounds have emerged as powerful tools for modulating ESC functions and deriving induced pluripotent stem cells (iPSCs), but documentation of compoundinduced efficient directed differentiation in human ESCs (hESCs) and human iPSC (hiPSCs) is limited. By screening a collection of chemical compounds, we identified compound C (also denoted as dorsomorphin), a protein kinase inhibitor, as a potent regulator of hESC and hiPSC fate decisions. Compound C suppresses mesoderm, endoderm, and trophoectoderm differentiation and induces rapid and high-efficiency neural conversion in both hESCs and hiPSCs, 88.7% and 70.4%, respectively. Interestingly, compound C is ineffective in inducing neural conversion in mouse ESCs (mESCs). Large-scale kinase assay revealed that compound C targets at least seven transforming growth factor beta (TGF-b) superfamily receptors, including both type I and type II receptors, and thereby blocks both the Activin and bone morphogenesis protein (BMP) signaling pathways in hESCs. Dual inhibition of Activin and BMP signaling accounts for the effects of compound C on hESC differentiation and neural conversion. We also identified muscle segment homeobox gene 2 (MSX2) as a downstream target gene of compound C and a key signaling intermediate of the BMP pathway in hESCs. Our findings provide a single-step cost-effective method for efficient derivation of neural progenitor cells in adherent culture from human pluripotent stem cells. Therefore, it will be uniquely suitable for the production of neural progenitor cells in large scale and should facilitate the use of stem cells in drug screening and regenerative medicine and study of early human neural development. STEM
INTRODUCTION
Human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) reprogrammed from somatic cells can differentiate into multiple cell types, allowing them to be utilized for biomedical research, drug discovery, and cell-based therapies [1, 2] . A deeper understanding of the signaling mechanisms and pathways that maintain pluripotency and induce direct differentiation of hESCs and iPSCs will shed light on early human development and facilitate the applications of these powerful cellular systems.
Several developmentally important signals have been extensively studied in hESCs. For example, basic fibroblast growth factor (bFGF) supports long-term undifferentiated growth of hESCs [3] . The transforming growth factor beta (TGF-b) superfamily, comprising TGF-b, Activin, Nodal, and bone morphogenesis proteins (BMPs), has diverse roles in hESCs [4, 5] . TGF-b/Activin/Nodal was shown to cooperate with FGF signaling to maintain pluripotency of hESCs by controlling NANOG expression. Activation of BMP signaling in hESCs induces mesoderm and trophoectoderm activities depending on the duration of activation [6] [7] [8] , while activation of Activin/Nodal pathway can trigger endoderm differentiation [9] . Conversely, inhibition of Activin/Nodal and BMP signaling, alone or in combination, promotes neuroectoderm specification [10] [11] [12] .
Chemical compounds can be used to control cellular processes and have been applied successfully to the modulation of fate decisions of stem cells including hESCs and hiPSCs. Chemical compounds can be synthesized at a large scale and great purity, offer temporal and tunable control of molecular and cellular functions, and has a low cost. Earlier studies showed that the ROCK inhibitor Y-27632 promotes survival of dissociated hESCs, while the small-molecule valproic acid improves the efficiency of hiPSC derivation [13, 14] . Recently, cell-permeable small molecules that direct differentiation of hESCs into the endoderm or early pancreatic lineage were unidentified [15, 16] . Despite these encouraging advances, there is limited documentation about using chemical compounds to efficiently induce differentiation to other lineages such as neuroectoderm in hESCs and hiPSCs.
Here, we report the identification and use of a single chemical compound, compound C/dorsomorphin, for suppressing endoderm, mesoderm, and trophoectoderm differentiation of human pluripotent stem cells and for rapid and highly efficient neural conversion from hESCs and hiPSCs in defined adherent cultures. We also show that compound C targets at least seven type I and type II TGF-b superfamily receptors and blocks both the Activin and the BMP signaling pathway, which account for compound C's ability to induce high-efficiency neural conversion.
MATERIALS AND METHODS

Cell Lines and Cell Culture
H1 and H9 hESCs (WiCell Research Institute, Madison, WI, http://www.wicell.org) were routinely maintained under feeder conditions as described [1] . The culture medium consists of Dulbecco's modified Eagle's medium (DMEM)/F12 with 20% knockout serum replacement (KSR), 1 mM glutamine, 1% nonessential amino acid, 0.1 mM b-mercaptoethanol, and 4 ng/ml bFGF. KSR is a defined supplement. For feeder-free cultures, cells were cultured on plates coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, http://www.bd.com) in the presence of conditioned medium (CM) from mouse embryonic fibroblasts (MEFs), which replaces the MEF feeders. Fresh medium was added every day. For neural conversion of hESCs, mTeSR medium (StemCell Technologies, Vancouver, BC, Canada, http://www.stemcell.com) and DMEM/F12 medium with 20% KSR, 1 mM glutamine, 1% nonessential amino acid and 0.1 mM b-mercaptoethanol were used. mTeSR is a defined feeder-independent medium. The hiPSC line RND5 (passage 8-10) was from ArunA Biomedical, Inc (Athens, GA, http://www.arunabiomedical.com) and was maintained under the same conditions as H1 and H9 hESCs. Derivation and validation of the hiPSCs are described: http://www.openbiosystems.com/GeneTargeting/viPS%20Lentiviral% 20Vector% 20Kit/. NTera-2 (American Type Culture Collection, ATCC, Manassas, VA, http://www.atcc.org) cells were cultured according to ATCC recommendations. The medium consists of 10% fetal bovine serum (FBS; ATCC). For low-density single-cell culture, cells were dissociated into single cells with 0.025% trypsin-0.02% EDTA and plated at the density of 10,000 cells/cm 2 . W4 mouse ESC (mESC) line was from Taconic and was cultured as described [17] .
Western Blotting
For the analysis of proteins except phospho-Smad2/3, cells (5 Â 10 6 ) were lysed directly with 200 ll laemmli sample buffer (Biorad). For detection of phospho-Smad2/3, nuclear fraction of hESCs was isolated with a NEPER Nuclear and Cytoplasmic Extraction Kit (Pierce, Rockford, IL, http://www.piercenet.com). Samples (25 lg) were analyzed by western blot. Dilutions for various antibodies were described in Supporting Information Table S4. The blots were developed using SuperSignal West Pico Chemiluminescent Substrate (Pierce), and signals were quantified with Image J.
Embryoid Body Formation Assay
H1 or H9 hESCs (5 Â 10 6 /well) cultured on MEFs were dissociated as clusters with dispase (1 mg/ml), plated onto ultralow attachment 6-well plates (Corning, Corning, NY, http:// www.corning.com) and grown in embryoid body (EB) medium (DMEM/F12, 20% FBS, 1 mM glutamine, 1 mM 1% nonessential amino acid, and 0.1 mM b-mercaptoethanol). To change medium, EBs and medium were gently transferred into a 15-ml tube and left at RT for 5 minutes to allow the EBs to sink to the bottom. The medium was gently removed and replaced by fresh medium. EBs were collected at different time points for further analysis.
Induction of Neural Differentiation
For neural differentiation, H1 or H9 hESCs were cultured on Matrigel with mTeSR medium to eliminate variations introduced by the MEF feeders. hESCs were gently dissociated into singlecell suspension with 1 mg/ml accutase for 5-7 minutes at 37 C. The dissociated cells were plated on Matrigel at high density (10 6 /cm 2 ) and cultured to confluency in mTeSR medium before induction of differentiation. For compound C-induced neural conversion, mTeSR medium was replaced with DMEM/F12 containing 20% KSR, 1 mM glutamine, 1% nonessential amino acid, and 0.1 mM b-mercaptoethanol. This condition was used for all treatment groups. Medium was replaced every day. For early neural patterning, sonic hedgehog (SHH) (100 ng/ml) was incubated with compound C-induced neural progenitor cells for 5 days. For late neural terminal differentiation/maturation, SHH-treated cells were gently dissociated into small clusters with dispase and plated on laminin-coated plates. Cells were cultured in neural differentiation medium, which consists of neural basal medium, Â1 N2 supplement, purmorphamine (1 lM), ascorbic acid (200 lM), brain-derived neurotrophic factor (BDNF) (20 ng/ml), glial cell line-derived neurotrophic factor (GDNF) (20 ng/ml), SHH (100 ng/ml), and FGF8 (100 ng/ml), for 2 weeks before collected for analysis.
Luciferase Assay
The ID-120-luc reporter construct for BMP signaling activity, kindly provided by Dr. Renhe Xu (University of Connecticut), was described [18] . To measure the reporter activity, H1 hESCs were plated on Matrigel-coated 24-well plates before transfection. The ID-120-luc plasmid was cotransfected into cells with the Rellina plasmid (Promega, Madison, WI, http://www.promega. com), and 24 hours after transfection, medium was replaced with hESC growth medium without bFGF. BMP-4 (10 ng/ml) in combination with different concentrations of compound C was administered to cells. The cells were lysed 24 hours after the addition of BMP-4 and compound C by using lysis buffer provided with a dual-luciferase assay kit (Promega). The luciferase activity was measured with LUMIstar plate reader (BMG Labtech, Offenburg, Germany, http://www.bmglabtech.com). The luciferase-based Activin reporter plasmid (pARE-GL3, [19] ) was kindly provided by Dr. Yisrael Sidis (Partners Healthcare). To measure the reporter activity, H1 hESCs was cotransfected with 0.25 lg pARE-GL3, 0.25 lg FAST-1 (forkhead activin signal transducer-1), and Rellina plasmid. Activin A (100 ng/ml) and various concentrations of SB421542 or compound C were added 24 hours after transfection. The luciferase activity was measure as described earlier.
Additional experimental procedures and associated references are available in the Supporting Information.
RESULTS
Compound C Modulates Differentiation Activities in hESCs
We recently screened a collection of chemical compounds, identified, and reported mammalian target of rapamycin (mTOR) as a key positive regulator of pluripotency [17] . In the current study, we screened for compounds that prevent hESC differentiation. We cultured two hESC lines with distinct genotypes (WA01 [H1], XY; WA09 [H9], XX) [1] in the absence of bFGF and CM produced by MEFs, both required to support hESC self-renewal and pluripotency [1, 20] . Human ESCs grown without bFGF and CM continued to proliferate at a slower rate, but began to differentiate from the center of the colonies and gradually lost the expression of pluripotency markers OCT-4 and SOX2 as described [17] (Fig. 1A) . We applied the collection of chemical compounds and inhibitors (Supporting Information Table S1 ) to hESCs cultured in the absence of bFGF and CM. We found that compound C (1 lM), a kinase inhibitor, supported the growth of hESCs as compact colonies, reminiscent of control cells cultured with bFGF and CM (Supporting Information Fig.  S1A ). In addition to preventing the differentiation morphology, compound C greatly attenuated the reduction of OCT-4, SOX2, and NANOG proteins (Fig. 1A and Supporting Information Fig. S1B ). The supportive effects of compound C on OCT-4, NANOG, and SOX2 expression were further confirmed at the transcription level: the mRNA levels of POU5F1 (the gene encoding OCT-4), SOX2, and NANOG in compound C-treated hESCs were significantly higher than in cells without the treatment (Fig. 1B) . Interestingly, the rescuing effect of compound C on NANOG expression was weaker than POU5F1 and SOX2. Furthermore, compound C markedly prevented the differentiation morphology and downregulation of pluripotency markers in a pluripotent human embryonal carcinoma cell line, NTera-2 cells (Supporting Information Fig. S1C and S1D) , suggesting a conserved effect in human pluripotent stem cells.
Compound C profoundly influenced the differentiation activities in hESCs. It significantly reduced the expression of Immunofluorescence studies of OCT-4, SOX2, and NANOG proteins (red) in H1 cell colonies cultured in complete growth medium (CM þ bFGF), medium with KSR only, and medium with KSR and 1 lM compound C for 6 days. All three pluripotency markers were expressed in 92.5% 6 4.7% of the colonies (i.e., with CM and bFGF). Removal of CM and bFGF reduced the OCT-4-, SOX2-, and NANOG-positive colonies to 8.1% 6 3.2%, and addition of compound C increased it to 88.4% 6 6.5%. Nuclei were stained with DAPI (blue). H9 cells showed similar response to compound C treatment. Dose-dependent experiments with compound C (100 nM, 200 nM, 500 nM, 1 lM, and 2 lM) showed that 1 lM was necessary to give rise to the strong antidifferentiation effect. Scale bar ¼ 200 lm. (B): mRNA levels of SOX2, POU5F1, and NANOG in H1 hESCs cultured in aforementioned three conditions for 6 days, assessed by real-time polymerase chain reaction (PCR). All values were normalized to the level (¼ 1) of mRNA in the cells treated with KSR alone. *, p < .05; **, p < .01. Cells treated with compound C were compared with control cells (i.e., with KSR only) treated with vehicle. ACTB (b-actin gene) was used as an internal control. (C): mRNA levels of differentiation markers in H1 hESCs cultured in medium with KSR only and medium with KSR and 1 lM compound C for 6 days, assessed by real-time PCR. All values were normalized to the level (¼ 1) of mRNA in the cells treated with KSR alone. *, p < .01; **, p < .001. Cells treated with compound C were compared with control cells treated with vehicle. (D): mRNA levels of control EBs or compound C-treated EBs assessed by real-time PCR. Four separate experiments were conducted, and quantification of three replicates of a typical experiment is shown. Each bar represents the mean 6 SEM (error bars). All values were normalized to the mRNA level (¼ 1) of in the control cells on day 0. *, p < .05; **, p < .01. EBs treated with compound C were compared with control EBs on day 4. Abbreviations: CM, conditioned medium; bFGF, basic fibroblast growth factor; DAPI, 4 0 ,6-diamidino-2-phenylindole; EB, embryoid body; KSR, knockout serum replacement; NE, neuroectoderm; TE, trophoectoderm. markers for mesoderm (MESP1, T and MIXL1), endoderm (GATA4, GATA6), and trophoectoderm (CDX2 and CGB7) in H1 cells cultivated in the absence of bFGF and CM (Fig. 1C) , but caused the expression of neural ectoderm markers SOX1 and NEUROD1 to moderately increase (Fig. 1C) . The effect of compound C on hESC differentiation was further verified with the EB formation assay. During EB formation, expression of differentiation markers was consistently upregulated in untreated control cells ( Fig. 1D and Supporting Information Fig. S1E ) [17] . In this assay, compound C treatment markedly prevented the upregulation of markers for endoderm, mesoderm, and trophoectoderm, but enhanced the expression of neuroectoderm markers after EB induction ( Fig. 1D and Supporting Information Fig. S1E ). Compound C treatment had no effects on the size or the number of EBs (Supporting Information Fig. S1F ).
High-Efficiency Induction of Neural Conversion by Compound C
As compound C potently suppressed endoderm, mesoderm, and trophoectoderm but enhanced neural ectoderm activities in hESCs, we asked whether it could be applied to the induction of neural conversion. To test this, we developed differentiation conditions for hESCs using adherent cell culture, which is more consistent and easier to manipulate than the EB condition. Cells dissociated by accutase (1 mg/ml) were plated on Matrigel and continuously cultured to confluency in mTeSR medium, which could eliminate variations introduced by the MEF feeders. Differentiation was initialized by replacing mTeSR with DMEM/F12 medium containing KSR (but lacking bFGF and CM) and compound C (1 lM). Another small-molecule inhibitor, SB431542, which inhibits type I TGF-b receptors and reportedly promotes neural conversion in hESCs [12] , was used with or without compound C. We used PAX6, a neural progenitor marker, to monitor early neural conversion. Human ESCs, when plated as single cells in the absence of bFGF and CM, began to exhibit differentiation morphology by day 3, and the differentiation was more apparent by day 5-6 with the majority of cells spread out and losing the expression of OCT-4 ( Fig. 2A and Supporting Information Fig. S2A ). Interestingly, cells treated with compound C grew as a compact uniform monolayer, in contrast to untreated cells, which often showed areas with disassociated cells and cell clumps (Supporting Information Fig. S2A ). Immunofluorescence studies revealed that PAX6 protein was nearly uniformly expressed in compound C-treated cells ( Fig.  2A, middle panel) , whereas much fewer untreated cells exhibited anti-PAX6 fluorescence ( Fig. 2A, upper panel) . Other early neural progenitor markers such as SOX1 and SOX2 were also highly expressed in compound C-treated cells ( Fig.  2A, middle panel) . Western blot analysis confirmed increased expression of PAX6 and SOX2 proteins (Fig. 2B) . Furthermore, western blot analysis also showed that expression of Nestin protein, a neural stem cell marker, was elevated in compound C-treated cells (Fig. 2B) . In contrast, addition of SB431542 caused only a slight increase of PAX6 protein and failed to induce further increase of PAX6, Nestin, and SOX2 proteins in compound C-treated cells ( Fig. 2A, 2B ). The expression of pluripotency marker OCT-4 was almost undetectable 7 days after differentiation induction (data not shown). In keeping with the increased level of protein, a gradual increase of PAX6 mRNA was also observed during the differentiation process, which lasted for at least 10 days (Supporting Information Fig. S2B) .
To determine the fraction of PAX6 þ cells, we analyzed the differentiated cells by flow cytometry 7-10 days after compound C treatment. Remarkably, the treatment yielded a high percentage of PAX6 þ cells (88.7% 6 2.5%, Fig. 2C and Supporting Information Fig. S2C ). There was no significant difference between day 7-10 cells (data not shown). Interestingly, the dual treatment of compound C and SB431542 failed to increase the percentage of PAX6 þ cells (80.3% 6 10.3%; Fig. 2C and Supporting Information Fig. S2C ). Furthermore, while Noggin treatment alone moderately increased the percentage of PAX6 þ cells (36.9% 6 1.6%), combined treatment of SB431542 and Noggin significantly increased the percentage (84.7% 6 3.9%; Fig. 2C and Supporting Information Fig.  S2C ), consistent with a previous report [10] . The percentage of PAX6 þ cells acquired with compound C was slightly higher than with combined treatment of Noggin and SB431542 (Fig.  2C) . Thus, the use of compound C, mTeSR medium and KSRcontaining DMEM/F12 medium enabled us to develop a single-step cost-effective procedure for high-efficiency neural conversion in hESCs in defined adherent cultures.
Compound C also induced high-efficiency neural conversion in hiPSCs. We used hiPSCs derived from human fetal lung fibroblasts (IMR-90) for neural induction by following the same procedure developed for hESCs. Immunofluorescence and western blot analyses revealed a drastic increase of PAX6 and SOX2 proteins in cells treated with compound C (1 lM, 7 d) (Fig. 2D, 2E ). Similar to hESCs, compound C treatment of hiPSCs induced a high population of PAX6 þ cells (70.4% 6 5.5%; Fig. 2C ). These results demonstrate that compound C alone induces high-efficiency neural conversion in hESCs and hiPSCs and could be used as a powerful tool in large-scale generation of neural progenitors for therapeutic applications.
The terminal differentiation potential of PAX6 þ cells derived with compound C was confirmed. Immunofluorescence of neuron-specific class III b-tubulin (TUJ1), a pan-neuronal marker, was nearly uniformly expressed in cells after 2-week neural maturation (Fig. 2F, 2I ). In contrast, TUJ1 immunofluorescence was not detected in undifferentiated hESCs or compound C-induced PAX6 þ cells (data not shown). In addition, a fraction of the cells also expressed Nur-related factor 1 (NURR1), a dopaminegic neuron marker (Fig. 2F, II) . Thus, the PAX6 þ neural progenitors derived by the use of compound C have the potential to undergo terminal differentiation and to produce neuronal subtypes.
It was reported that compound C/dorsomorphin can promote cardiomyogenesis in mESCs [21] , prompting us to examine whether it could exert the same effect in hESCs. However, we found that compound C failed to induce cardiomyogenesis in hESCs (Supporting Information; Fig. S3 ). In addition, treatment of mESCs with compound C failed to induce early neural conversion (Supporting Information; Fig.  S3 ). The differential effects of compound C in mESCs and hESCs might be due to their differences in species, origin of development or other undefined characteristics. Some known signaling pathways mediating self-renewal and differentiation of mESCs are not conserved in hESCs [22, 23] .
Compound C Targets Several Families of Protein Kinases
Compound C is widely used as a ATP-competitive inhibitor of AMP-activated kinase (AMPK), a multimeric protein complex that regulates cellular and organismal metabolism [24, 25] , but recently its specificity has been questioned [26, 27] . In keeping with this, compound C has been shown to also target the type I BMP receptors (ALK2, ALK3, and ALK6) and likely other protein kinases [27, 28] . To gain a broader, more comprehensive view of the potential targets of compound C, þ cells assessed by flow cytometry. H1 hESCs treated with compound C alone or with compound C and SB431542 contained 88.7% 6 2.5% and 80.3% 6 10.3% (mean 6 SEM) PAX6 þ cells, respectively. In contrast, control cells and cells treated with SB431542 showed 16.9% 6 1.9% and 17.7% 6 0.4% PAX6 þ cells. Treatment with Noggin (500 ng/ml) alone or combined with SB431542 gave rise to 36.9% 6 1.6% and 84.7% 6 3.9% PAX6 þ cells, respectively. Similarly, compound C treatment of IMR-90-derived hiPSCs induced a high population of PAX6 þ cells (70.3% 6 5.5%), in contrast to untreated cells (4.8% 6 2.1%). (D): Immunofluorescence studies of PAX6 (top panel, red) and SOX2 (bottom panel, red) in differentiating hiPSCs. Cell nuclei were stained with DAPI (blue). Cells were treated or not treated with 1 lM compound C for 7 days. Scale bar ¼ 50 lm. (E): Western blot analysis of PAX6 and SOX2 in hiPSCs treated or not treated with 1 lM compound C. Cells were induced to differentiate for 7 days. a-tubulin was a loading control. (F): Immunofluorescence studies of TUJ1 and Nur-related factor 1 (NURR1) in terminally differentiated H1 hESCs. Anti-TUJ1 (I) and NURR1 (II) fluorescence (red) was observed in H1-derived differentiated cells after 2-week neural maturation. Nuclei were stained with DAPI (blue). Scale bar ¼ 50 lm. Abbreviations: DAPI, 4 0 ,6-diamidino-2-phenylindole; hESC, human ESC; hiPSC, human induced pluripotent stem cell.
we assessed its effects on a panel of kinases (402) in a largescale in vitro kinase assay, as described [29] . This assay identified far more targets of compound C than previously recognized ( Fig. 3A and Supporting Information Table S2 ). Notably, compound C robustly inhibited many other members of TGF-b superfamily receptors in addition to ALK2, ALK3, and ALK6 and of the sucrose nonfermenting (SNF)/AMPK family kinases in addition to AMPKa1 and a2 (Fig. 3A) . Furthermore, compound C potently inhibited PDGF receptors (PDGFRa and PDGFRb), VEGFR receptors (VEGFR1 [FLT1] and VEGFR2 [KDR]), FLT3 and KIT (Fig. 3A) .
To determine if AMPK inhibition was responsible for the effects of compound C on hESCs, we abolished the function of AMPK by depleting the a1 and a2 subunits. Surprisingly, depletion of either a1 or a2 subunit failed to support the undifferentiated growth and pluripotency of hESCs and instead markedly decreased the levels of SOX2 protein (Supporting Information Fig. S4 ). Furthermore, AICAR, an AMPK activator, failed to rescue the phenotypic changes caused by compound C in hESCs. On the basis of these results, we concluded that AMPK inhibition was not responsible for the effect of compound C.
Inhibition of PDGF receptors in hESCs also failed to mimic the effects of compound C. Treatment of hESCs with PDGF receptor kinase inhibitor V slightly decreased cell proliferation (data not shown).
Compound C Inhibits Both Activin and BMP Signaling in hESCs
Two type II receptors, ActRIIA and ActRIIB, mediate Activin signaling [30] and were markedly inhibited by compound C in vitro (Fig. 3A) , leading us to assess whether compound C targeted this pathway in hESCs. We found that compound C inhibited the activity of a luciferase-based Activin reporter system (pARE-GL3, [19] ) in a dose-dependent manner (Fig. 3B) . At a dose that effectively modulated hESC differentiation (1 lM), compound C consistently reduced the Activin reporter activity triggered by the addition of Activin A (100 ng/ml), to a similar extent to low concentration of SB431542 (250 nM; Fig. 3B ), which inhibits type I receptors including ALK4, ALK5, and ALK7 and consequently blocks the Activin signaling pathway, without affecting BMP signaling [31] . A higher dose of compound C (10 lM) was required to completely prevent the Activin reporter activity. In keeping with reduced reporter activity, compound C (1 lM) significantly attenuated the increase in the nuclear phospho-Smad2/3 levels in hESCs induced by Activin A (Fig. 3C) . Thus, compound C potently inhibited the Activin pathway in hESCs. Interestingly, inhibition of Activin signaling by compound C was observed in mouse pulmonary artery smooth muscle cells at higher concentrations [28] . The variability might be attributed to the differences in cell types or other undefined characteristics.
Compound C also blocked BMP signaling in hESCs. Compound C inhibited a luciferase-based inhibitor of DNA binding (ID) reporter activity (Supporting Information Fig.  S5A ). It reduced BMP-4-induced activation (phosphorylation) of Smad1/5/8 in hESCs (Supporting Information Fig. S5B ). Thus, compound C potently inhibited the BMP-4 signaling pathway in hESCs. These results are consistent with the ability of compound C to inhibit both type I (ALK2, ALK3, and ALK6) and type II BMP receptors (ActRIIA and ActRIIB) in vitro. The effects of compound C on BMP signaling in hESCs confirm and extend previous studies in other model systems [28] .
Compound C Prevents Differentiation Activities Induced by Activin A and BMP-4
It has been well-established that activation of Activin signaling triggers endoderm activities in ESCs [9, 32] . Furthermore, Activin A can directly act to downregulate PAX6 expression [33] . In royal park memorial institute (RPMI) medium containing low serum, Activin A induces efficient differentiation of hESCs to definitive endoderm [9] . We asked whether compound C blocked Activin A-induced endoderm activities. hESCs exhibited reduced survival in RPMI medium after the addition of compound C, prompting us to use a custom mTeSR medium instead, which lacks bFGF and TGF-b and thus causes cells to differentiate. Compound C did not cause apoptosis of cells cultured in the custom mTeSR medium. As expected, the addition of Activin A (100 ng/ml) induced upregulation of endoderm markers including SOX17, GSC, and FOXA2 in hESCs (Fig. 3D) . The presence of compound C (1 lM) reduced the upregulation (Fig. 3D) . Expectedly, SB431542, at a dose commonly used to inhibit Activin signaling (10 lM) [31] , nearly completely prevented the upregulation of the endoderm markers (Fig. 3D) . In contrast, Noggin, a secreted protein that antagonizes BMP signaling, exerted little effects (Fig. 3D) . Thus, compound C decreased Activin Ainduced endoderm activities in hESCs, separately from its actions on BMP receptors.
BMP-4 induced mesoderm or trophoectoderm activities in hESCs, depending on the length of stimulation [7, 8] . We thus treated hESCs with BMP-4 (20 ng/ml) for 24 hours and 6 days, with or without compound C (1 lM). Short-term BMP-4 stimulation (24 hours) induced a rapid upregulation of mesoderm markers, including T, MESP1 and MIXL1 (Supporting Information Fig. S5C ). Compound C nearly completely abolished the upregulation (Supporting Information Fig. S5C ). In addition, compound C prevented the upregulation of CDX2 and downregulation of pluripotency markers in hESCs after long-term exposure to BMP-4 (Supporting Information Fig.  S5D and S5E) . Thus, compound C inhibited BMP-4-induced mesoderm and trophoectoderm activities in hESCs.
The large-scale in vitro kinase assay showed that compound C targeted all three type I and two type II BMP receptors, which might explain its potent inhibition of BMP signaling activities in hESCs. To test this possibility, we compared the effects of depleting a single or multiple BMP receptors. Indeed, depletion of ALK2, ALK3, or ALK6 alone failed to affect BMP4-induced signals (Supporting Information Fig.  S6A ). In contrast, depletion of all three receptors nearly abolished BMP-4-induced signals including Smad1/5/8 phosphorylation and upregulation of the early BMP-4 responsive gene ID1 and the differentiation markers T, MESP1, and CDX2 (Supporting Information Fig. S6B) . Moreover, addition of compound C to the receptor-depleted cells caused no additional effects on Smad1/5/8 phosphorylation (Fig. 3E) . Depletion of two type I receptors also attenuated upregulation of target genes, although the effects were less prominent than those from depleting all three (Supporting Information Fig. S6B ). Furthermore, in cells induced to spontaneously differentiate, mRNA levels of mesoderm and trophoectoderm differentiation markers T and CGB7 were reduced in cells with triple depletion, whereas the decrease of the pluripotency and neuroectoderm markers such as POU5F1, NANOG, and SOX1 was attenuated (Supporting Information Fig. S6C ). These results suggest that inhibition of at least two receptors is necessary for robust inhibition of BMP signals. Together, the ability to target multiple TGF-b family receptors, dual inhibition of Activin and BMP signaling and suppression of Activin-and BMP-induced endoderm, mesoderm, and trophoectoderm activities provide mechanistic explanations for the strong effects of compound C in hESCs. Table S2 . (B): Relative luciferase activity of the pARE-GL3 reporter in H1 cells with or without Activin A (100 ng/ml, 24 hours), treated with different concentrations of SB421542 or compound C. Results from four separate experiments are shown as mean 6 SEM. *, p < .05; **, p < .01; ***, p < .001. Cells with various treatments were compared with control (with Activin stimulation). Hint amount of Rellina plasmid was cotransfected as an internal control. (C): Western blot analysis of phosphorylated Smad2/3 and total Smad2/3 in the nuclear fraction of H1 cells treated with various concentrations of compound C and stimulated with Activin-A (100 ng/ml) for 24 hours. A typical experiment from four separate experiments is shown. Total Smad2/3 was a loading control. Compound C (1 lM) reduced the nuclear p-Smad2/3 levels by approximately 25%. (D): mRNA levels of endoderm markers SOX17, FOXA2, and GSC in H1 cells with various treatments, assessed by realtime polymerase chain reaction. Cells were stimulated with Activin A (100 ng/ml) for 5 days. Four separate experiments were conducted, and quantification of three replicates of a typical experiment is shown. Each bar represents the mean 6 SEM (error bars). All values were normalized to the mRNA level (¼ 1) of in the control cells. Activin and compound C treatments versus Activin alone were compared (*, p < .05; **, p < . Table S3 ). Interestingly, a subset of transcription factors, including ID2, muscle segment homeobox gene 2 (MSX2) and distal-less homeobox two (DLX2), were downregulated 12 and 24 hours after compound C treatment (Supporting Information Table S3 , highlighted in yellow). Among those, IDs are shown as downstream genes of the BMP signaling in hESCs and mESCs [7, 34] . Real-time polymerase chain reaction confirmed and extended these findings: transcription of the ID family members (ID1-ID3) and MSX family members (MSX1 and MSX2) were markedly suppressed after compound C treatment (Fig. 4A) .
Despite the established roles of MSX family transcription factors in development, their functions have not been depicted in hESCs. We explored their potential functions in mediating BMP signaling pathway. BMP-4 stimulation rapidly upregulated the mRNA levels of MSX1 and MSX2 in hESCs (as early as 30 minutes poststimulation; Fig. 4B ). Concomitant to the increase in mRNA, MSX2 protein levels were also elevated after BMP-4 stimulation (Fig. 4C) . In contrast, BMP-4 stimulation failed to alter levels of MSX1 protein, and in addition, mRNA levels of MSX1 were significantly lower than those of MSX2 in hESCs.
Depleting MSX2 prevented the morphological changes induced by BMP-4 in hESCs (Fig. 4D) . Western blot analysis showed that MSX2 depletion also attenuated the downregulation of OCT-4 and SOX2 (Fig. 4E) . Interestingly, the rescuing effect of MSX2 depletion on OCT-4 expression was more prominent than SOX2. In addition, downregulation of mRNA levels of POU5F1, SOX2, and NANOG was much slower in MSX2-depleted cells than control cells after BMP-4 stimulation. These results indicate that MSX2 acts as a key component of BMP signaling in hESCs. Future experiments will dissect the potential role of the DLX family members in regulating BMP signals or other signaling pathways, pluripotency, and differentiation in hESCs.
DISCUSSION
Developing conditions and factors for efficient directed differentiation of human pluripotent stem cells such as hESCs and hiPSCs is essential for their potential applications for the study of early human development, drug discovery, and the treatment of diseases. Two strategies have been explored. One is to manipulate developmental pathways via the use of growth factors and their antagonists, and the other is to identify chemical compounds to direct the differentiation activities. The benefits of utilizing compounds to control stem cell fate include the elimination of animal products, better temporal and tunable control, ease of production, and significant cost reduction for materials. Despite these benefits, there is no documentation to date for compounds that induce efficient differentiation from hESCs and hiPSCs to neural progenitors. Here, we identified compound C, which potently suppresses mesoderm, endoderm, and trophoectoderm activities and can be applied to high-efficiency neural conversion in hESCs and hiPSCs. Our study provides the first example for the efficient derivation of neural progenitor cells from human pluripotent stem cells with a single chemical compound.
We found that compound C can induce nearly 90% of hESCs to form neuroectoderm in adherent cultures. Why is this compound so potent in inducing neural conversion? Our results suggest the following mechanisms. Compound C inhibits at least seven type I and type II TGF-b superfamily receptors, including two Activin receptors and five BMP receptors, thus effectively preventing Activin and BMP signals. Indeed, our experiments show that depletion of at least two BMP receptors is necessary for robust inhibition of BMP-induced signaling activities. Furthermore, dual inhibition of the BMP and the Activin pathway is necessary for efficient neural conversion in hESCs. In this scenario, inhibition of Activin and BMP signaling suppresses endoderm, mesoderm, and trophoectoderm activities, thereby facilitating hESC differentiation into the neuroectoderm lineage. This notion is supported by our observation and a recent report that inhibition of BMP and Activin signaling alone improves the efficiency of neural induction, but combined inhibition (with Noggin and SB431542) leads to high-efficiency neural conversion (Fig. 2) [10] . Therefore, our results identified TGF-b superfamily receptors and the Activin and BMP signaling pathways as the main biological targets in hESCs. The ability to target multiple TGF-b family receptors, dual inhibition of Activin and BMP signaling, and suppression of Activin-and BMP-induced endoderm, mesoderm, and trophoectoderm activities could account for the effects of compound C on differentiation and neural conversion in hESCs.
Neural progenitors and more specified functional neural subtypes were derived previously from hESCs by using EBs as the initial step [35, 36] . Although the EB-based procedures are effective and flexible in producing desired differentiated cell types, they often involve multiple steps, produce multiple differentiation lineages and require subsequent isolation/ enrichment of specific differentiated cells. These limitations could hinder the acquisition of efficient neural conversion and the generation of large-scale neural precursors. In our study, we applied a single chemical compound to hESCs and hiPSCs cultivated in adherent cultures and achieved rapid, high-efficiency neural conversion in a single step. Compared with the Noggin-based protocol [10] , our method produces a slightly higher efficacy of induction and also offers some other potential benefits in the long-term. First, compound C costs significantly less than Noggin, thereby markedly reducing the cost for deriving neural progenitor cells from hESCs and hiPSCs, especially on a large-scale. Second, utilization of the defined medium mTeSR [37] prior to the induction of neural conversion eliminates the variability introduced by the MEFs or MEF-CM. Furthermore, xeno-free TeSR2 and KSR media can be used if more clinically compatible culture conditions are desired. Third, compound C can be conveniently delivered and removed, and it is therefore highly suited for therapeutic applications. Thus, our method is highly suitable for large-scale efficient derivation of potentially therapy-grade neural precursors from hESCs and hiPSCs and should facilitate the utilization of these cells for the study of early human neural development, drug discovery, tissue repair, and regeneration.
Compound C had long been used as a specific inhibitor against AMPK [24, 25] . It was recently found to inhibit the type I BMP receptors ALK2, ALK3, and ALK6 and induce dorsalization in zebrafish (thus denoted as dorsomorphin) [28] . Our large-scale proteomic analysis confirmed these known targets but discovered far more additional targets, including many other members of the TGF-b superfamily receptors, of the SNF/AMPK family, and PDGF receptors. This approach served as a starting point, enabling us to identify the targets and pathways of compound C in hESCs. Our findings might explain the variability in previous studies with compound C and could provide a platform for further analysis of its potential targets in various model systems. They also suggest that experimentation with kinase inhibitors should be evaluated critically under the specific cellular and biological context. As such, our results outline a strategy that may be utilized in future studies with kinase inhibitors.
CONCLUSION
We demonstrated that compound C can be used for highly efficient neural conversion both in hESCs and hiPSCs. Our findings provide a single-step cost-effective method for deriving human neural progenitors in large scale and should facilitate the use of stem cells in drug screening, regenerative medicine and study of early human neural development.
